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FOREWORD 

This  report  presents  the  results  from  the  High  Altitude  Side  Force  Test 
conducted  in  the  NSWC  Hypervelocity  Wind  Tunnel  at  Mach  14.  The  objectives 
of  the  test  were  to  provide  static  force  and  moment  data  as  well  as  pressure  and 
heat  transfer  distributions  on  typical  reentry  configurations  with  asymmetric 
boundary  layer  outgassing.  This  data  is  to  be  used  as  a  data  base  to  aid  in  the 
development  and  validation  of  new  aerodynamic  computer  models. 

The  results  presented  herein  include  normal  force,  pitching  moment,  yaw 
force,  yaw  moment,  surface  pressures  and  surface  heat  transfer  rate  on  both 
7-degree  and  9-degree  blunt  cone  models.  These  models  incorporated  a 
circumferentially  asymmetric  outgassing  distribution. 

Approved  by: 
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A.  M.  MORRISON,  Acting  Head 
Weapon  Dynamics  Division 
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CHAPTER  1 


INTRODUCTION 

Understanding,  modeling  and  predicting  the  accuracy  of  high  performance 
reentry  systems  have  been  the  goals  of  a  number  of  recent  programs  throughout 
the  strategic  community.  One  area  which  has  been  identified  as  a  result  of  such 
studies  is  the  ability  to  predict  with  confidence,  the  high  angle-of-attack 
performance  of  vehicles  reentering  the  earth's  atmosphere  in  the  altitude  regime 
between  400,000  and  100,000  feet.  The  earliest  investigators  applied  the  method 
of  Newton*  in  order  to  predict  the  aerodynamics  of  meteorites  and  man-made 
vehicles  as  they  passed  through  the  high  altitude  regime.  The  requirement  for 
increased  accuracy  in  predicting  high  altitude  performance  led  to  the  develop¬ 
ment  of  more  complex  techniques.2*3’4  Investigators  also  noticed  anomalous 
aerodynamic  effects  in  ground  and  flight  experiments. 5.6  The  referenced  flight 
test  experience  involved  two  tests  of  the  English  Black  Knight  Reentry  Vehicle. 
These  were  the  RVs  of  BK09  and  BK18.  Both  vehicles  were  124°  half-angle  blunted 
cones  with  15.4-inch  diameter  bases  and  2-inch  radius  noses  and  nominal 
hypersonic  static  margins  of  1.5  inches.  The  heatshield  was  composed  of  phenolic 
resin  reinforced  with  asbestos  flock.  RV-BK09  was  also  painted  with  Araldite  to 
prevent  outgassing  affecting  a  sensitive  pressure  gage  used  to  initiate  the 
reentry  boost  motor.  RV-BK09,  flown  in  1960,  reentered  at  a  speed  of  15,000  fPS, 
experienced  a  dynamic  instability  at  140,000  feet  which  grew  until  the  vehicle 
became  dynamically  unstable  and  subsequently  broke  up  at  70,000  feet.  The 
reentry  vehicle  also  experienced  windward  meridian  temperatures  that  would  cause 


*Zahm,  A.  F.,  "Superaerodynamics,"  Journal  of  the  Franklin  Institute,  Vol .  217, 
1934,  pp.  153-166. 

2 

Tsien,  H.  S.,  "Superaerodynamics,  Mechanics  of  Rarefied  Gases,"  Journal  of  the 
Aeronautical  Sciences,  Vol.  13,  1946,  pp.  653-664. 

3 

Adams,  M.  C. ,  and  Probstein,  R.  F.,  "On  the  Validity  of  Continuum  Theory  for 
Satelite  and  Hypersonic  Flight  Problems  at  High  Altitudes,"  Jet  Propulsion, 
Feb  1958,  pp.  86-89. 

^Tan,  H.  S.,  "Nose  Drag  in  Free-Molecular  Flow  and  Its  Minimization,"  Journal 
of  the  Aerospace  Sciences,  Jun  1959,  360-365. 

5 

Ericsson,  L.  E.,  "Effect  of  Nose  Bluntness  on  the  Hypersonic  Unsteady 
Aerodynamics  of  an  Ablating  Reentry  Body,"  J.  Spacecraft  and  Rockets,  Vol.  4, 
No.  6,  Jun  1967,  pp.  811-813. 

^Waterfall,  A.  P. ,  "Effect  of  Ablation  on  the  Dynamics  of  Spinning  Reentry 
Vehicles,"  J.  Spacecraft  and  Rockets,  Vol.  6,  No.  9,  Sep  1969, 
pp.  1038-1044. 
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the  Araldite  paint  to  char  and  inject  mass  into  the  vehicle  boundary  layer  at 
an  altitude  of  140,000  feet.  The  RV-BK18  was  flown  to  check  some  of  the 
problems  raised  by  RV-BK09.  It  was  instrumented  extensively  and  excellent 
quality  data  was  obtained.  The  BK18  was  not  painted  with  Araldite.  No  dynamic 
effects  were  exhibited  in  the  region  where  BK09  experienced  dynami c  instabi  1 i ties . 
At  about  85,000  feet  vehicle  dynamics  caused  a  divergence  in  the  angle-of-attack. 
The  altitude  where  ablation  of  the  phenolic  afterbody  heatshield  was  expected  is 
at  85,000  feet.  Six-degree-of-freedom  trajectory  simulation  of  BK18  and  BK09 
was  attempted  post  flight.  Agreement  with  flight-observed  performance  could  be 
obtained  in  the  regions  of  observed  dynamic  instability  only  when  a  Magnus-like 
term  was  included  in  the  equations  of  motion.  The  size  of  the  required  Magnus 
term  was  much  too  large  to  be  physically  explained  as  a  classical  Magnus 
phenomena.  It  was,  therefore,  proposed  that  the  source  of  the  Magnus-like  term 
was  an  out-of-plane  pitching  moment  associated  with  the  charring  or  ablation  of 
the  Araldite  phenolic  heatshield. 


The  injection  of  mass  into  the  boundary  layer  of  a  reentry  vehicle 
traveling  at  high  speed  can  influence  aerodynamic  forces  by  altering  both  the 
skin  friction  and  boundary  layer  displacement  induced  pressure  effects.  The 
combined  effects  of  mass  addition,  spin  and  angle  of  attack  can  produce  a 
mechanism  which  can  lead  to  out-of-plane  forces  and  moments  as  illustrated  in 
Figure  1.  The  windward  side  of  the  reentry  vehicle  would  first  experience  the 
temperature  and  pressure  necessary  to  induce  mass  addition.  Once  the  reentry 
vehicle  heatshield  experienced  these  conditions,  a  finite  period  of  time  would  be 
required  for  the  material  to  respond  and  eject  mass.  In  the  case  of  a  spinning 
reentry  vehicle  this  material  lag  would  cause  the  rate  of  mass  addition  to  be 
higher  on  one  side  of  the  vehicle  than  the  other,  in  that,  as  an  outgassing  ray 
moves  to  the  lee  ray,  the  temperature  and  pressure  decrease,  as  does  the  rate 
and  magnitude  of  mass  addition.  The  differential  mass  addition  rate  and 
magnitude  causes  the  side  with  the  higher  mass  addition  to  have  a  thicker  boundary 
layer.  The  boundary  layer  asymmetry  leads  to  an  induced  pressure  force  and 
moment.  The  resultant  force  acts  in  a  direction  opposite  to  that  of  a  classical 
Magnus  force. 


In  general,  the  aerodynamic  shear  associated  with  a  thin  boundary  layer  is 
larger  than  associated  with  a  thicker  boundary  layer.  A  shear  couple,  therefore, 
also  results  due  to  the  longitudinal  shear  differential  associated  with  the  high 
and  low  mass  addition  sides  of  the  vehicle.  Radial  shear  differential  would  also 
create  a  couple  opposing  roll. 


Early  tests  of  ablating  and  nonablating  spherically-blunted  cone  models 
were  conducted  at  Mach  18  in  the  Naval  Surface  Weapons  Center  Hypervelocity 
Research  Tunnel.'7  Details  of  the  configuration  tested  are  shown  in  Figure  2. 
Camphor  was  used  as  an  ablating  material  and  model  shells  were  fabricated  with 
a  0.32-cm  layer  of  camphor  covering  86.9  percent  of  the  body  length.  An 
aluminum  shell  was  fabricated  for  the  nonablating  model.  A  steel  nosetip  was 


^ Ragsdale,  W.  C. ,  and  Horanoff,  E.  V.,  "Investigation  of  a  Side  Force  Due  to 
Ablation,"  J.  Spacecraft  and  Rockets.  Vol .  16,  No.  9,  Sep  1978.  pp.  1010-1011. 
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used  for  the  ablating  models  as  well  as  the  nonablating  model  to  avoid  shape 
change  effects  in  the  region  of  highest  aerodynamic  heating.  Static  ^crce 
measurements  were  made  with  a  four-component  strain  gage  force  balance  which  was 
designed  for  the  test  program  and  incorporated  a  mechanism  for  spinning  the 
model s . 

The  test  procedure  was  to  spin  the  model  to  the  desired  rate  while  bringing 
the  wind  tunnel  supply  pressure  and  temperature  to  the  run  condition.  During 
this  start-up  period,  the  model  was  kept  in  a  retracted  position  in  the  test  cell 
of  the  open-jet  wind  tunnel.  When  the  run  conditions  were  achieved,  the  model 
was  injected  into  the  tunnel  flow  and  force  data  were  recorded,  while  the  angle 
of  attack  was  swept  at  a  rate  of  roughly  1.5  deg/s  up  to  a  maximum  value  which 
depended  on  the  tunnel  supply  pressure.  During  most  of  the  ablating  model  tests, 
the  sweep  was  halted  for  a  few  seconds  at  10  and  25  deg  angle  of  attack  to  look 
for  possible  transient  effects.  After  completing  the  data  sweep,  it  was 
necessary  to  return  the  model  to  a  small  angle  of  attack  before  retracting  it 
from  the  tunnel  flow.  As  a  result,  the  amount  of  camphor  ablated  during  the 
data  sweep  could  not  be  determined.  Usually,  all  the  camphor  was  ablated  during 
the  wind  tunnel  run  and  shutdown  process.  Observation  via  a  television  monitor 
indicated  that  the  camphor-coated  portion  of  the  models  remained  fully  coated 
throughout  the  data  sweep.  Models  examined  after  two  aborted  runs  indicated 
that  roughly  20-30  percent  of  the  camphor  could  have  ablated  prior  to  the  data 
sweep  as  a  result  of  exposure  to  the  low-pressure  test  cell  environment. 

The  side  force  data  obtained  from  the  wind  tunnel  experiments  are  given  in 
Figure  3,  as  plots  of  yaw  force  coefficient  Cy  vs.  angle  of  attack.  Data  taken 
during  the  pauses  in  the  angl e-of-attack  sweeps  at  10  and  25  deg  agreed  very 
well  with  the  data  taken  during  the  continuous  pitch  sweeps,  thereby  verifying 
the  sweeping  technique.  Comparisons  made  among  data  from  ablating  and 
nonablating  model  experiments  clearly  indicated  a  significant  side  force  due  to 
ablation.  The  ablating  model  data  also  indicated  that  the  side  force  is  a 
strong  function  of  the  angl e-of-attack , non! inear  up  to  about  10  deq  and 
linear  at  higher  angles.  Data  was  gathered  at  spin  rates  between  1  and  7  rps. 

For  camphor  ablation  at  the  test  conditions  reported  here,  the  side  force  due 
to  ablation  was  independent  of  spin  rate  at  speeds  greater  than  1-2  rps  for 
angles  of  attack  up  to  25  deg. 

The  shape  change  effects  and  the  inability  to  characterize  the  mass  addition 
parameters  of  the  camphor  during  the  experiment  classify  these  results  are 
qualitative.  They  do,  however,  provide  a  proof-of-principl e  demonstration  of  the 
ablation  lag  effect. 

The  purpose  of  the  current  test  program  was  to  test  models  with  which  the 
heatshield  outgassing  could  be  correctly  modeled  and  accurately  characterized. 

In  addition  to  making  measurements  of  static  forces  and  moments;  surface  pressure 
and  heat  transfer  distributions  would  also  be  obtained. 
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CHAPTER  2 
MODEL  DESIGN 

Two  different  nonspinning  model  bodies  were  used  in  this  test  program.  One 
model  body  was  used  for  the  pressure/heat  transfer  portion  of  the  test  and  had 
provisions  for  holding  the  necessary  pressure  transducers  and  Gardon  gages.  The 
second  model  body  was  used  for  the  portion  of  the  test  where  aerodynamic  forces 
and  moments  were  measured  and  incorporated  an  internally  mounted  strain  gage 
balance.  Both  models  were  designed  with  an  internal  passageway  through  which 
pressurized  nitrogen  was  fed  and  then  used  for  heatshield  outgassing. 


Six  porous  model  shells  were  built  which  would  fit  over  either  of  the  two 
model  bodies.  Two  of  these  had  a  uniform  outgassing  distribution,  both  axially 
and  circumferentially,  while  the  other  four  shells  had  asymmetric  outgassinq 
distributions.  The  exact  distributions  will  be  discussed  later. 

Of  the  two  shells  wi  +  h  uniform  distributions,  one  was  constructed  from  a 
sheet  of  KenDan  V araperf.  This  is  simply  a  sheet  of  stainless  steel  of  0.024- 

inch  thickness  with  450  evenly  spaced  0.005  inch-diameter  holes  per  inch.  The 
sheet  was  rolled  into  a  conical  shape,  thus  providing  a  uniform  outqassing 
distribution  when  internally  pressurized  to  a  valve  that  ensures  that  the 
orifices  are  choked.  The  magnitude  of  this  outgassing  can  be  described  by  the 
following  equation,  which  defines  the  flow  through  a  choked  orifice: 

m  (  /sec)  =  _ (t) 

>To 


where : 

Po  =  upstream  pressure  (psia) 
A*  =  orifice  area  (in2) 

To  =  upstream  temperature  (°R). 


The  second  uniform  shell  and  the  four  with  asymmetric  outgassing  were 
constructed  from  3M  Porous  Structures  Grade  15.  This  material  is  supplied  in 
large  sheets  from  which  a  number  of  disks  were  cut,  epoxied  together  and 
machined  to  yield  a  conical  shaped  shell  with  a  hollow  interior.  Figure  4  shows 
a  schematic  of  the  structure  of  a  typical  porous  shell. 


^Dannenberg,  R.  E.,  Weiberg,  J.  A.,  and  Gambucci ,  B.  J.,  Perforated  Sheets  as 
the  Porous  Material  for  a  Suction-Flap  Application,  NACA  TN  4038,  May  1957. 
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Instead  of  a  spinning  body  producing  the  asymmetric  heating,  the  outgassing 
distribution  was  modeled  by  varying  the  shell  wall  thickness  both 
circumferentially  and  axially.  In  order  to  determine  what  wall  thicknesses 
were  required,  it  was  first  necessary  to  characterize  the  material.  This 
characterization  consisted  of  determining  the  relationship  between  outgassing 
magnitude  and  pressure  drop  through  the  material. 

The  material  characterization  was  accomplished  by  mounting  a  disk  of  the 
material  in  a  holder  as  shown  in  Figure  5.  The  sample  holder  was  placed  in 
a  vacuum  chamber  to  simulate  the  lower  external  pressures  which  would  be 
experienced  in  the  wind  tunnel  tests.  An  air  line  fed  the  sample  holder  through 
a  mass  flow  meter.  In  the  side  of  the  sample  holder  was  a  pressure  tap  used  to 
measure  the  internal  pressure.  By  measuring  the  mass  flow  into  the  sample 
holder  at  various  internal  pressures,  it  was  found  that  the  material  respons 
could  be  described  by  equation  (2) 

tP2  =  C  (^)S  t  (2) 

where : 

L  P2  =  (P  internal)2  -  (P  external)2 

HI  n  l 

A  =  mass  flow  rate  per  unit*  area  (  /ft2-sec) 

t  =  sample  thickness 

s  =  exponent  (equal  to  1.0) 

c  =  constant. 

Fiqure  6  shows  the  results  of  this  calibration  for  samples  of  two  different 
porosities. 


The  next  step  in  the  material  characterization  was  to  account  for  the 
curvature  of  the  shell  walls  in  the  thickness  calculations.  Fiqure  7  is  a 
diagram  of  a  portion  of  the  shell  showing  that  the  internal  pressure  acts  over 
a  smaller  inside  surface  area  than  the  external  surface  area.  This  effect  can 
be  described  by  equation  (3) 


Al/A:  = 

From  continuity  we  know: 


m; 


H'. 


(R  -  t)  d0 
R  d0 


m:/A2(  " 


(3) 


(A) 


Combining  equations  (4)  and  (2): 
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For  this  test  orogram  it  was  desired  to  calculate  wail  tnicknc-:,.,e3  cor  a 
Given  .  ?“  and  Tia  s  s  flow  rate.  This  was  accomplished  by  using  the  -oi lowing 
relations  : 


irS  '  ( — if — >  =  A 

t  =  A  R 

1  +  A  • 


(6) 

(7) 


SHELL  DESIGNS 

The  first  two  model  shells  were  designed  to  have  a  uniform  outgassing 
distribution  of  0.00115  lbm/ft2  -sec.  For  the  Varaperf  model  shell,  equation  (1) 
was  applied  to  calculate  the  required  internal  pressure  to  produce  this  mass 
flow  rate  with  sonic  conditions  in  the  orifices.  For  the  shell  constructed  from 
the  3M  material,  a  more  complex  procedure  was  required.  First,  it  was  necessary 
to  select  a  value  for  AP2  which  was  high  enough  so  that  small  variations  in 
external  pressure  would  not  affect  the  mass  flow  through  the  shell  significantly. 
Then,  using  this  value  of  AP2,  the  desired  mass  flow  rate  and  the  local  radius, 
the  shell  could  be  designed  to  give  a  uniform  outgassing  rate. 

Figure  8  shows  the  resulting  design  for  a  AP2  of  30  (psia)2.  As  can  be 
seen,  even  though  a  uniform  axial  distribution  is  desired,  the  wall  thickness 
must  increase  with  axial  distance  to  compensate  for  the  increasing  radius  of  the 
cone  as  described  above  by  equation  (4). 

The  requested  distributions  and  resulting  designs  for  the  asymmetricary 
outgassing  shells  are  shown  in  Figures  9 through  16.  These  shells  were 
designated  as  Type  3,  Type  Nominal,  Type  2  and  Type  4.  The  first  three  were  for 
sphere-cone  shells  with  a  7°  half-angle  and  0.22  bluntness  ratio  (Rn/Rb)  and  the 
type  4  shell  was  a  9°  cone  with  a  bluntness  ratjo  of  0.08. 

SHELL  CALIBRATION  TECHNIQUE 

After  the  model  shells  were  designed  and  constructed  it  was  necessary  to 
measure  the  actual  outgassing  rates  to  insure  an  accurate  simulation  of  the 
required  distributions.  This  task  was  complicated  by  the  extremely  small 
magnitudes  of  outgassing  that  it  was  necessary  to  measure  (on  the  order  of  10“4 
lbm/ft2  -sec). 

The  technique  that  was  finally  used  was  developed  specifically  for  this 
test  but  could  be  used  for  any  task  where  measurements  of  small  mass  flow  rates 
were  required.  First,  the  model  shell  to  be  calibrated  was  placed  in  a  vacuum 
chamber  so  that  the  external  pressure  could  be  reduced  to  values  that  would  be 
expected  in  the  actual  testing.  Figure  17  shows  a  schematic  of  the  calibration 
setup. 

Three  probes  were  designed  which  would  be  used  to  measure  the  outgassing  at 
specific  axial  locations  on  the  model  surface  and  a  schematic  of  this  orobe 
is  shown  in  Figure  18.  One  side  of  a  differential  pressure  transducer  was 
connected  to  the  side  of  the  probe  and  the  other  side  of  the  transducer  was  open 
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to  the  vacuum  chamber  pressure.  Tne  top  of  the  probe  was  connected  to  a  vacuum 
Dump  through  a  calibrated  sonic  orifice,  used  as  a  mass  flow  measuring  device, 
and  a  needle  valve.  By  adjusting  this  needle  valve,  the  pressure  inside  the 
probe  could  be  made  equal  to  the  test  cell  pressure  as  indicated  when  the  output 
of  the  differential  transducer  was  zero.  Matching  these  pressures  eliminates  the 
need  for  a  seal  around  the  probe  because  with  no  pressure  differential  there  is 
no  leakage  into  or  out  of  the  probe  and  the  probe  can  just  rest  on  the  model 
surface  (see  Figure  19).  The  flow  rate  of  the  air  passing  through  the  area 
covered  by  the  probe  is  subsequently  determined  by  measuring  the  pressure 
upstream  of  the  calibrated  sonic  orifice  and  using  equation  (1).  A  calibration 
coefficient,  Cf,  was  determined  for  the  probe  by  comparing  the  mass  flow  per 
unit  area  measured  by  the  probe  to  the  total  mass  flow  into  the  model  divided  by 
the  model  surface  area.  This  was  done  at  several  different  values  of  total  mass 
flow  and  a  calibration  curve  was  developed  for  the  probe  system  and  is  shown  in 
Figure  20.  A  »_urve  fit  through  this  data  was  used  to  correct  the  mass  flow 
measurements  from  the  probes.  Therefore,  for  a  given  measurement  of  the  upstream 
orifice  pressure,  a  correction  factor  is  determined  and  the  actual  mass  flow  rate 
per  unit  area  can  be  calculated  by  the  followinq  equation: 

m  ( _ 1  bm 

A  ft *  -sec 

DESIGN  VS.  ACTUAL  DISTRIBUTIONS 

Figure  21  illustrates  the  characterization  of  the  mass  flow  rates  along  the 
3M  model  shell  designed  to  have  a  uniform  blowing  distribution.  The  total  mass 
flow  into  tne  model  was  measured  by  the  flow  meter  as  a  0.466  standard  cubic 
feet  per  minute  (SCFM).  Dividing  by  the  surface  area  of  the  model, 3 1 h i s  2 
measurement  corresponded  to  a  mass  flow  per  unit  area  of  4.25  x  10"3  lbm/ft^-sec. 
Figure  21  shows  the  locally  measured  mass  flow  rates  for  three  axial  stations 
along  four  circumferpntial  rays.  Figure  22  and  23  show  the  same  type  of  plot 
for  total  mass  flows  of  0.7  SCFM  and  1.4  SCFM,  respectively.  As  can  be  seen, 
there  is  very  good  agreement  between  the  measurement  derived  from  the  probes 
and  that  of  the  mass  flow  meter.  The  maximum  difference  was  approximately 
+  10  percent. 

CHARACTERIZATIONS  OF  ASYMMETRIC  BLOWING  SHELLS 

After  successfully  demonstrating  the  probe  technique  on  the  uniform  blowing 
models,  measurements  were  then  taken  on  the  models  designed  to  produce 
asymmetric  blowing  distributions.  The  same  probes  used  for  the  uniform  blowing 
snells  were  used  here.  In  addition,  a  fourth  probe  was  constructed  to  make 
measurements  at  an  axial  station  closer  to  the  nose  of  the  model.  The  four 
probes  were  all  designed  to  fit  the  7°  cone  shells  but  there  was  no  difficulty 
in  using  them  to  calibrate  the  one  9°  cone  shell  used  here  also. 

Figures  24  through  27  illustrate  the  predicted  and  measured  blowing 
characterizations  for  the  four  asymmetric  blowing  models,  respectively.  The 
figures  show  the  high  and  low  blowing  rays  of  each  model  as  well  as  the 
circumferential  distributions  at  the  four  axial  stations.  There  was  excellent 
agreement  between  the  measured  rates  and  the  design  rates,  with  an  error  of  no 
more  than  +  10  percent. 


CHAPTER  3 


EXPERIMENTAL  APPARATUS 
PRESSURE  INSTRUMENTATION  AND  CALIBRATION 

As  was  described  earlier,  one  of  the  major  objectives  of  this  test  program 
was  to  measure  the  surface  pressures  on  the  models  under  simulated  high  altitude 
conditions.  Due  to  this  simulation  of  high  altitudes,  the  surface  pressures 
were  expected  to  be  extremely  small.  Lee-side  pressures  were  expected  to  be  as 
low  as  0.001  psia. 

The  pressure  transducers  selected  for  this  test  were  Microswitch  model 
130  PC  which  were  solid  state,  piezoresistive  transducers  with  a  0.625-inch 
square  base  and  a  height  of  0.8125  inches.  The  sensing  element  is  a  0.1-inch 
square  silicon  chip  with  a  sensing  diaphragm  ;  nd  four  piezoresistors.  When  a 
pressure  is  applied,  the  diaphragm  flexes,  changing  the  resistance.  This  results 
in  an  output  voltage  proportional  to  the  applied  pressure.  This  transducer  had 
a  range  of  0-15  psia. 

Because  the  expected  pressures  were  so  low  and  the  Microswitch  trans¬ 
ducers  have  a  much  higher  rated  pressure,  a  calibration  setup  was  utilized  to 
check  the  transducers  for  linearity  and  repeatability  in  the  low  pressure  regime, 
below  0.2  psia.  This  setup,  shown  in  Figure  28,  incorporated  a  vacuum  pump, 
bell  jar  and  two  low  pressure  standards  (a  Universal  mercury  manometer  and  a 
McLeod  gage). 

The  pressure  range  of  greatest  importance  in  this  test  was  from  0.001  psi 
to  0.067  psi.  Figure  29  shows  the  initial  linearity  check  of  a  random 
Microswitch  transducer  versus  data  acquisition  system  counts  (DARE  counts). 

DARE  counts  are  an  artificial  measurement  of  the  transducer  voltage  output. 

During  the  calibration,  the  system  was  pumped  down  and  measurements  were  taken. 
The  system  was  then  vented  to  atmospheric  pressure  and  the  procedure  was 
repeated  to  assure  no  transducer  hysteresis.  A  more  detailed  calibration  at 
lower  pressures  (Figure  30)  showed  the  good  repeatability  and  linearity  of  this 
Microswitch  transducer. 

The  Microswitch  transducers  were  also  linear  over  the  range  0.001  psi  to 
0.4  psi  (Figure  31).  The  impact  of  this  fact  was  two-fold.  First,  a  wide  range 
of  pressures  could  be  measured  accurately  during  one  test.  More  importantly,  an 
accurate  calibration  could  be  accomplished  immediately  prior  to  a  wind  tunnel 
run.  Traditionally,  an  in-site  calibration  of  each  transducer  is  performed 
prior  to  a  run  by  taking  discrete  measurements  as  the  wind  tunnel  is  being 
evacuated.  In  certain  cases,  however,  the  pressure  to  be  measured  during  a 
test  is  lower  than  the  lowest  pressure  attained  during  tunnel  evacuation.  For 
a  low-pressure  case,  an  accurate  calibration  can  be  made  down  to  the  minimum 
evacuation  pressure  and  the  slope  must  be  extrapolated  to  the  low  pressure  range 
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of  interest.  The  extrapolation  of  the  slope  of  a  Microswitch  transducer 
compared  very  favorably  with  test  measurements  (Figure  32). 

In  this  test,  the  excitation  voltage  was  limited  to  seven  volts  during  a 
run.  The  sensitivity  of  the  transducer  with  seven  volts  excitation  is 
0.0003  psia  per  DARE  count.  Standard  deviations  obtained  during  calibration 
were  +  3  DARE  counts  (0.001  psia).  Therefore,  the  uncertainty  in  the  measurement 
of  pressures  in  the  0.001  psia  range  was  high,  but  higher  pressures,  as  on  the 
windward  side  of  a  model,  can  be  measured  quite  accurately. 

HEAT  TRANSFER  INSTRUMENTATION  AND  CALIBRATION 

Gardon  gages  were  used  to  measure  the  heat  transfer  rates  on  the  model 
surface  in  this  test.  Figure  33  shows  a  typical  Gardon  gage  and  how  it  is 
installed  in  a  standard  model.  For  use  in  the  3M  porous  models,  another  copper 
sleeve  was  press  fit  in  the  model.  A  wire  was  then  soldered  to  the  extra  sleeve 
to  allow  for  the  gage  to  be  grounded. 

Figure  34  shows  the  calibration  setup  for  the  Gardon  gages.  A  quartz  lamp 
is  placed  over  the  gage  at  a  precise  distance.  The  lamp  has  been  calibrated  so 
that  the  heat  transfer  rate  is  known  for  that  distance  above  the  gage.  The 
output  of  the  gage  is  amplified  and  used  to  generate  a  sensitivity  coefficient 
for  the  gage  in  BTU/ft2  -sec  per  m.v. 

FORCE  AND  MOMENT  3ALANCE 

Another  of  the  major  objectives  of  this  test  program  was  to  measure  the 
side  forces  developed  due  to  asymmetric  heatshield  outgassinq.  Pre-test 
predictions  indicated  that  these  side  forces  would  be  extremely  small,  as  small 
as  0.005  lbs.  In  order  to  be  able  to  accurately  measure  forces  of  this  magnitude, 
it  was  necessary  to  construct  a  special  force  balance.  Not  only  would  this 
balance  need  to  be  extremely  sensitive  but  an  additional  requirement  was  that 
it  be  made  with  a  hollow  center  to  allow  the  nitrogen  to  be  used  to  simulate  the 
heatshield  outgassing  to  pass  through  it.  Figure  35  shows  a  diagram  of  the 
balance  constructed  for  this  test. 

The  balance  was  made  to  measure  four  components  of  the  aerodynamic  loads. 
These  were  normal  force,  pitching  moment,  side  or  yaw  force  and  yaw  moment.  As 
can  be  seen,  the  gage  sections  were  very  thin,  as  the  thickness  determined  the 
sensitivity  of  the  balance.  Additionally,  the  gages  intended  to  measure  the  yaw 
forces  and  moments  were  placed  on  sections  that  are  much  thinner  than  those  for 
the  normal  forces.  This  was  done  since  the  normal  forces  were  expected  to  be 
two  orders  of  magnitude  greater  than  the  yaw  forces. 

In  addition,  very  sensitive  semi-conductor  gages  were  used.  These  gages 
have  approximately  60  times  more  output  than  the  commonly-used  foil  gages  for 
the  same  loads. 
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NITROGEN  SUPPLY  SYSTEM 

In  order  to  simulate  heatshield  outgassing, ni tronen  oas  was  fed  to  the 
model  through  the  stinc  and  then  out  through  the  porous  model  shell.  The  gas 
supply  system  was  not  only  required  to  supply  a  specified  mass  flow  rate,  but  to 
supply  three  different  rates  to  the  model  during  each  run.  Figure  36  shows  a 
schematic  of  the  system  used  for  this  test.  Two  individually  adjustable  suDply 
lines  were  connected  to  the  model  through  a  manifold.  Each  line  could  be  shut¬ 
off  separately  through  a  solenoid  operated  valve. 

Prior  to  a  tunnel  run,  each  line  would  be  opened  separately  and  adjusted  to 
a  specific  mass  flow  rate.  A  pressure  transducer  inside  the  model  shell  was  used 
to  determine  the  mass  flow  rate  through  the  model  based  on  the  shell  calibrations 
descri bed  earl ier. 

The  solenoid  valves  were  connected  to  the  tunnel  sequencer  which  was 
programmed  to  open  each  valve  at  a  pre-determined  time  during  a  tunnel  run. 

After  the  tunnel  was  started,  the  data  system  was  started.  After  2  seconds, 
the  first  valve  was  opened  feeding  the  model  with  the  first  mass  flow  rate.  Five 
seconds  later  the  first  valve  was  closed  and  the  second  valve  was  opened,  thus 
supplying  the  model  with  a  second,  higher  blowing  rate.  Data  was  recorded  for 
12.5  seconds,  after  which  the  second  valve  was  closed  and  the  tunnel  shut  down. 

This  technique  was  used  so  that  both  the  blowing  and  non-blowing  data  were 
recorded  in  one  tunnel  run  for  each  angle-of-attack.  This  eliminated  the  effects 
of  run-to-run  differences  in  tunnel  operating  conditions. 

Figure  37  shows  a  typical  plot  of  the  output  of  the  internal  pressure 
transducer.  Not  only  does  it  indicate  when  blowing  rates  were  changed,  but  it 
also  shows  when  steady  conditions  were  reached.  This  information  was  later  used 
in  the  data  reduction  so  that  only  data  recorded  during  steady  conditions  was 
examined. 
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CHAPTER  4 
TESTING 


TUNNEL  CONDITIONS 


The  Hypervelocity  Wind  Tunnel  (HWT)  is  a  blow-down  facility  that  is 
designed  to  generate  flows  at  either  Mach  10  or  Mach  14.  It  has  a  5-foot 
diameter  test  cell  which  facilitates  the  use  of  relatively  large  models. 
Traditionally,  the  tunnel  is  operated  with  supply  pressures  of  3000  psia  to 
20,000  psia  which  produces  altitude  simulations  of  approximately  50,000  feet. 

As  the  purpose  of  this  test  was  to  investigate  effects  that  occur  at  altitudes 
above  200,000  feet,  the  tunnel  was  adapted  to  run  at  much  lower  supply  pressures 
(100  to  300  psia).  This  reduction  in  supply  pressure  produced  conditions 
equivalent  to  approximately  200,000  feet. 


In  general,  the  tunnel  operates  by  heating  and  pressurizing  a  fixed 
volume  of  gas,  nitrogen,  and  then  blowing  this  gas  down  through  either  a  Mach  10 
or  Mach  14  nozzle.  Therefore,  in  addition  to  increasing  the  altitude  simulated, 
the  reduction  in  supply  pressure  also  lengthened  the  run  time  of  the  tunnel  from 
approximately  1  second  to  about  28  seconds  at  the  300  psia  supply  pressure. 


For 
with  the 


all  but  one  of  the  runs  in  the  test  program,  the  tunnel  was  operated 
following  conditions: 


Supply  pressure 
Supply  temperature 
Mach  number 
Dynamic  pressure 
Free-stream  velocity 
Re/ ft 

Knudsen  number 
Run  time 


300  psia 

2000°F 

13 

0.14  psia 
5500  ft/sec 
120,000 
0.032 
28  seconds 


The  other  run  was  made  at  the  following  tunnel  conditions: 


Supply  pressure 
Supply  temperature 
Mach  number 
Dynamic  pressure 
Free-stream  velocity 
Re/ft 

Knudsen  number 
Run  time 


100  psia 
1 500°F 
13 

0.065  psia 
4600  ft/sec 
90,000 
0.035 

15  seconds 
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The  testing  was  divided  into  two  phases.  Phase  1  consisted  of  measuring 
surface  pressure  and  heat  transfer  rates  on  the  two  uniform  outgassing  mode] 
shells.  Phase  2  included  force  and  moment  measurements  as  well  as  pressure  and 
heat  transfer  measurements  on  the  four  asymmetric  outgassing  shells.  Table  1 
shows  the  test  matrix  and  Table  2  shows  the  actual  blowing  rates  used  in  both 
phases. 

PHASE  ONE 

This  phase  of  the  test  consisted  of  six  runs  on  the  two  shells  with  uniform 
outgassing  distributions  discussed  earlier,  four  runs  with  the  3M  shell  and 
two  runs  with  the  Varaperf  shell.  All  six  runs  here  were  made  with  the  model  at 
zero  angle  of  attack.  Measurements  were  made  of  surface  pressures  at  24 
locations  around  the  body.  Figure  38  shows  the  locations  of  the  pressure 
instrumentation.  The  models  were  also  instrumented  with  8  Gardon  gages,  4  on 
the  windward  ray  and  4  on  the  leeward  ray. 

The  use  of  two  model  shells  made  of  different  materials  allowed  a  comparison 
to  be  made  of  the  effect  that  the  manner  of  outgassing  has  on  the  resulting 
induced  pressures  and  heat  transfer  rates.  For  the  same  magnitude  of  outgassing 
on  each  shell,  the  Varaperf  shell  was  expected  to  have  a  higher  injection 
velocity  than  that  of  the  3M  shell.  This  higher  injection  velocity  is  due  to 
the  Varaperf  material  having  individual  holes  acting  as  sonic  orifices  while 
the  3M  material  is  a  porous  structure  with  a  large  number  of  micropores. 

The  secondary  objective  of  this  phase  of  the  testing  was  to  evaluate  the 
effectiveness  of  the  pressure  and  heat  transfer  instrumentation.  To  this  end, 
one  run  was  made  at  a  supply  pressure  of  100  psia  to  determine  if  the  extremely 
low  valves  of  pressure  and  heat  transfer  expected  could  be  measured  accurately. 
The  remaining  five  runs  were  conducted  at  the  300  psia  supply  pressure  conditions. 
Results  from  this  comparison  indicated  that  measurements  could  be  made  at  the 
100  psia  conditions  but  that  better  data  accuracy  could  be  obtained  at  the 
slightly  higher  supply  conditions.  As  a  result,  the  remainder  of  the  testing, 
both  in  phase  one  and  phase  two,  was  conducted  at  the  300  psia  conditions. 

Figure  39  shows  the  results  of  pressure  measurements  made  before  turning 
on  the  model  blowing.  A  comparison  is  made  between  measurements  on  the  Varaperf 
and  3M  shells  and  two  computer  predictions.  As  can  be  seen,  the  data  agrees  very 
well  with  the  LMSC  code.  This  is  the  code  currently  under  development  that 
this  data  will  be  used  to  validate.  In  addition  to  the  agreement  with  the  code, 
the  data  indicates  very  good  repeatability  between  runs.  This  result  shows  that 
the  pressure  instrumentation  is  suitable  for  making  measurements  in  this  high 
altitude  simulation  regime. 

Figure  40  shows  the  effect  that  different  outgassing  rates  have  on  the 
pressure  distribution  along  the  body.  Shown  here  is  the  change  in  surface 
pressure,  IP,  between  the  no-blowing  and  blowing  cases  for  both  the  Varaperf  and 
3M  shells.  The  blowing  rates  listed  at  the  right  indicate  the  blowing  magnitude 
as  a  percentage  of  the  tunnel  freestream  mass  flow  rate.  As  can  be  seen  at  low 
blowing  rates,  under  1  percent,  the  induced  pressure  is  constant  along  the  length 
of  the  body  and  there  seems  to  be  no  difference  between  the  two  model  shells. 
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As  trie  blowing  rates  become  larger,  we  see  a  trend  towards  3.  nioner  induced 
oressure  at  the  front  of  the  node!  than  that  at  tne  rear  of  the  model.  This 
indicates  that  tne  blowing  has  become  high  enough  to  begin  blowing  tne  boundary 
layer  off  at  the  rear  of  the  body. 

In  addition,  we  now  see  a  large  difference  in  induced  pressures  on  the  two 
shells  at  the  same  blowing  magnitudes,  i.e.,  the  3M  shell  at  2.3  percent  compared 
to  the  Varaperf  shell  at  2.7  percent.  The  3M  shell,  in  general,  tends  to  exhibit 
a  much  higher  induced  pressure  for  the  same  blowing  rates.  Much  more  analysis  is 
required  at  this  time  to  understand  the  causes  of  this  difference  but  it  is 
believed  that  the  difference  in  injection  velocity  is  a  contributing  factor. 

Figure  41  shows  some  of  the  results  of  the  heat  transfer  measurements  made 
on  the  two  model  shells.  Plotted  is  the  Stanton  number,  ST,  normalized  by 
the  Stanton  number  without  blowing,  ST0, versus  S/RN.  As  is  expected,  the  heat 
transfer  rates  decrease  as  the  blowing  rates  increase.  The  condition  described 
earlier  of  boundary  layer  blow-off  is  defined  by  where  the  heat  transfer  rate 
goes  to  zero.  It  can  be  seen  that  this  occurs  at  a  blowing  rate  around  1  percent. 
This  agrees  well  with  the  results  of  the  induced  pressure  measurements  described 
earl ier. 

In  the  case  of  the  heat  transfer  rates  there  again  seems  to  be  little 
difference  between  the  two  shell  materials  at  low  blowing  rates.  This  is  shown 
by  comparing  the  3M  shell  at  .58  percent  to  the  Varaperf  shell  at  .68  percent. 

As  can  be  seen  the  data  for  the  two  shells  are  almost  identical.  A  comparison 
at  higher  blowing  rates  is  impossible  since  the  heat  transfer  rates  go  to  zero 
due  to  boundary  layer  blow-off. 

Figure  42  shows  a  comparison  of  the  experimental  results  to  several 
theoretical  correlations. As  can  be  seen  the  data  correlates  very  well  with 
the  theoretical  values  given  for  flow  over  cones.  Some  of  the  scatter  in  the 
data  can  be  attributed  to  the  fact  that  the  correlation  is  based  on  free-stream 
properties  and  does  not  take  into  account  the  variation  in  conditions  over  the 
surface  of  a  cone. 

Figure  43  shows  a  similar  correlation,  but  in  this  case  the  model  blowing 
rates  are  normalized  by  the  properties  at  the  edge  of  the  boundary  layer.'’ 

This  then  takes  into  account  any  variation  in  flow  field  properties  over  the  cone 
surface. 


Laganelli,  A.  !_.,  Foganoli,  R.  P.,  and  Martillucci,  A.,  The  Effects  of  Mass 
Transfer  and  Angle  of  Attack  on  Hypersonic  Turbulent  Boundary  Layer 
Characteristics,  AFFDL-TR- 75-35,  Apr  1975. 

^Walker,  G.  K. ,  Turbulent  Boundary  Layers  with  Mass  Addition,  G.  E.  Document 
No.  TFM-81 51 -021 ,  Nov  1963. 

*  Libby,  P.  A.,  "The  Homogeneous  Boundary  Layer  at  an  Axisymmetric  Stagnation 
Point  with  Large  Rates  of  Injection,"  J.  Aeronautical  Sciences,  Jan  1962. 
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In  summary,  the  results  from  phase  one  indicated  that  the  instrumentation 
had  adequate  sensitivity  to  make  the  required  measurements.  The  data  also  points 
to  a  difference  in  the  induced  pressures  at  higher  blowing  rates  between  the 
two  shells,  while  a  comparison  of  heat  transfer  rates  is  not  possible  due  to  the 
effect  of  boundary  layer  blow-off.  Finally,  the  heat  transfer  data  at  low 
blowing  rates  correlates  very  well  with  theoretical  values  for  both  the  3M  and 
Varaperf  shells. 

PHASE  TWO 

This  phase  of  the  test  consisted  of  28  runs,  14  dedicated  to  force  and 
moment  measurements  and  14  dedicated  to  measuring  surface  pressure  and  heat 
transfer  rates.  All  the  runs  made  in  this  phase  were  with  the  shells  designed 
to  produce  an  asymmetric  outgassing  distribution.  The  runs  were  made  at  various 
angles  of  attack  between  0°  and  35°.  In  all  the  data  to  be  presented  for  phase 

two,  the  blowing  magnitude  listed  is  the  maximum  rate.  This  maximum  with  only 

a  few  exceptions  was  located  at  a  circumferential  location,  0,  60°  from  the 
windward  ray.  Two  runs  were  made  with  the  maximum  located  at  a  value  of 
0  =  -60°  from  the  windward  ray. 

Figures  44  through  46  show  the  effect  of  blowing  on  the  normal  force 
coefficient,  pitching  moment  coefficient  and  center-of-pressure  location, 
respectively,  for  the  7°  conical  models.  The  normal  force  and  pitching  moment 
coefficients  are  seen  to  be  only  slightly  reduced  due  to  the  blowing.  At  higher 
angles  of  attack  (>10°)  there  is  also  only  a  slight  effect  on  center-of-pressure 
location  (Xcp/1)  but  at  a =  5°  there  is  a  very  large  change  in  Xcp/1.  Since 
the  normal  force  and  pitching  moment  are  both  very  small  at  this  angle,  a  very 

small  change  in  them  causes  a  very  large  shift  in  Xcp/1. 

A  comparison  can  be  made  between  these  parameters  for  the  7°  cone  to  those 
for  the  9°  cone  using  Figures  47  through  49.  Here  we  see  that  the  changes  in 
normal  force  and  pitching  moment  coefficients  are  even  smaller  than  those  of  the 
7°  cone.  This  results,  therefore,  in  a  much  smaller  shift  in  Xcp/1  for  the  9° 
cone.  One  thing  that  is  evident  is  that  the  Xcp/1  shift  on  the  9°  cone  tends  to 
make  the  body  more  stable  while  on  the  7°  cone  it  has  a  destabilizing  effect. 


A  comparison  of  the  out-of-plane  forces  and  moments  on  the  two  cones  is 
shown  in  Figures  50  and  51.  The  values  for  the  7°  cone  are  taken  from  the  shell 
designated  as  type  "nominal"  which  corresponds  to  the  blowing  distribution  used 
on  the  9°  cone.  From  Figure  50  it  can  be  seen  that  the  side  force  qenerated  for 
the  same  blowing  magnitude  on  the  9°  cone  is,  on  the  average,  about  one-half 
that  for  the  7°  cone.  Similarly,  Figure  51  shows  that  the  side  moments  are 
generally  higher  on  the  7°  cone  also. 


This  difference  in  side  force  on  the  two 
pressure  variation  shown  in  Figure  52.  Shown 
variation^  of  induced  pressure  measured  on  the 
type  4  (9°  cone)  at  one  axial  station.  It  can 
pressure  on  the  left  side  of  the  7°  cone  is  la 
on  the  right  side.  This  difference  in  induced 
right.  On  the  9U  cone  the  changes  tn  pressure 
larger  than  those  on  the  right  side,  resulting 
seen  in  the  force  and  moment  results  described 


bodies  is  a  result  of  the  induced 
here  are  the  circumferential 
type  "nominal"  (7°  cone)  and 
be  seen  that  the  change  in 
rger  than  the  change  in  pressure 
pressure  causes  a  force  to  the 
on  the  left  side  are  only  slightly 
in  the  much  smaller  side  forces 
earl ier. 


Figure  53  snows  the  results  of  the  heat  transfer  measurements  "ade  during 
a  typical  run,  in  particular,  tne  first  station  of  tne  type  “4"  shell  at  two 
blowing  magnitudes  and  zero  angle  of  attack.  Shown  is  the  Stanton  number 
normalized  by  the  non-blowing  Stanton  number.  Again,  as  in  phase  one,  the  heat 
transfer  rates  are  reduced  due  to  the  blowing.  Here  the  heat  transfer 
distribution  varies  circumferential ly  as  the  blowing  rates  vary  ci rcumferential 1 
the  maximum  reduction  corresponding  to  the  maximum  blowing  rate. 

Figure  54  shows  the  heat  transfer  data  for  all  four  asymmetric  blowing 
shells  tested.  Here  the  data  are  plotted  aqainst  the  same  correlation  described 
in  Reference  11.  Aqain  we  see  very  good  aqreement  between  the  data 
taken  here  and  the  theoretical  values. 


CHAPTER  5 
SUMMARY 

The  heat  transfer  data  has  been  correlated  very  well  with  known  theories  for 
the  flow  over  conical  bodies.  Inspection  of  the  induced  pressure  data  indicates 
agreement  with  the  side  force  and  moment  data. 

As  described  earlier,  one  of  the  objectives  of  this  test  proqram  was  to 
provide  data  with  which  to  validate  computer  models  now  under  development. 
Preliminary  calculations  made  with  these  new  computer  models  have  not  shown 
very  good  agreement  with  experimental  results.  This,  it  is  believed,  is  due  to 
the  inability  of  the  computer  models  to  correctly  simulate  the  manner  in  which 
the  outgassing  occurs  at  the  model  surface.  Much  more  analysis  is  required  in 
this  area  before  the  computer  models  can  be  finalized  and  this  work  is  now 
underway. 

The  successful  completion  of  this  test  has  demonstrated  several  new 
capabilities  that  can  be  very  useful  in  future  testing.  One  new  capability  is 
the  ability  to  simulate  very  high  altitude  conditions  at  a  nominal  Mach  number 
of  13.  With  the  increasing  interest  in  high  altitude  aerodynamics,  this  can 
become  a  very  valuable  tool.  Also  demonstrated  was  the  ability  to  accurately 
simulate  the  asymmetric  outgassing  distributions  of  typical  reentry  vehicle 
configurations. 
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FIGURE  5.  3M  MATERIAL  CHARACTERIZATION  SETUP 
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FIGURE  9.  REQUESTED  DISTRIBUTION  -  TYPE  3 
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FIGURE  15.  REQUESTED  DISTRIBUTION  -  TYPE  4 
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FIGURE  17.  PROBE  SETUP 
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FIGURE  20.  PLOT  OF  FLOW  EFFICIENCY  FACTOR 


FIGURE  25 A.  MEASURED  BLOWING  DISTRIBUTION  -  TYPE  NOMINAL 


FIGURE  26 A.  MEASURED  BLOWING  DISTRIBUTION  -  TYPE  2 
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FIGURE  30.  REPEATABILITY  OF  CALIBRATION 
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FIGURE  31.  EXTRAPOLATED  CALIBRATION  CURVE 
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FIGURE  32.  COMPARISON  OF  EXTRAPOLATED  TO  ACTUAL  CALIBRATION 
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FIGURE  34.  SCHEMATIC  OF  GARDON  GAGE  CALIBRATION  SETUP 


FIGURE  35.  FORCE  BALANCE 
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FIGURE  36.  NITROGEN  SUPPLY  SYSTEM 


FIGURE  42.  COMPARISON  OF  EXPERIMENT  TO  THEORY  (SYMMETRIC  BLOWING) 


FIGURE  43.  COMPARISON  OF  EXPERIMENT  TO  THEORY  (SYMMETRIC  BLOWING) 
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FIGURE  49.  Xrp/  £  —  9°  CONE 
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FIGURE  50.  SIDE  FORCE  COMPARISON 
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FIGURE  52.  INDUCED  PRESSURE  VARIATION 
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FIGURE  54.  COMPARISON  OF  EXPERIMENT  TO  THEORY  (ASYMMETRIC  BLOWING) 
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TABLE  2 


Uniform  Distribution: 


Run  # 

Rate _ 1 _ I _ 

1 

i - - - 1 

0.466% 

2 

0.220% 

3 

1.07% 

4 

5 

6 

2.69% 

- 1 

Assymetric  Distributions: 


ACTUAL  OUT GAS SING  RATES 


Rate  2 

0.830;:' 

0 . 580% 

1 .58% 
3.68%  ” 
1 . 30% 
5.30" 


1.  Rates  Defined  As 

ou)  Uw 

Q'J 0  U°° 


Rate  2 


3,6% 


A. 10%  2.  Rates  Defined  As 
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NOMENCLATURE 


A 

1 

m 

•"/A 

P 

RB 

rn 

Re 

S 

St 

t 

u 

X 

a 

P 

♦ 


Model  base  area  (irr) 

Model  base  diameter  (in) 

Model  length  (in) 

Mass  flow  rate  (lbm/sec) 

Mass  flow  rate  per  unit  area  (^ bm/ft2-sec) 
Pressure  (lbf/in2) 

Model  base  radius  (in) 

Model  nose  radius  (in) 

Reynolds  number 
Surface  length  (in) 

Stanton  number 

Shell  wall  thickness  (in) 

Velocity  (ft/sec) 

Axial  length  (in) 

Angle  of  attack  (deg) 

Density  (lbm/ft3) 

Circumferential  position  (deg) 

Subscripts 


e 

Boundary  layer 

max 

Value  at  locati 

0 

Non-blowing  val 

OJ 

Wall  values 

00 

Free-stream  val 

edge  values 
on  of  maximum 
ues 

ues 


blowing 
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APPENDIX  A 

TABULAR  LISTING  OF  TEST  DATA 


This  appendix 

presents  a  tabular  listing  of  all  the  data  taken  during  the 

Definitions : 

NFC 

= 

Normal  force/(Q  *  A) 

PMC 

= 

Pitching  moment/(Q  *  A  *  D) 

YFC 

= 

Side  force/ (Q  *  A) 

YMC 

= 

Side  moment/ CQ  *  A  *  D) 

PXCP 

= 

(Xc.g  -  Xc. p)/D 

YXCP 

= 

(Yc.g  -  Yc. p)/D 

Pressure 

CT 

Coefficient  = 

Pressure/Q 

q 

^  1 

pU  Cp  (Ta  -  Toj) 

where: 

Q 

= 

Dynamic  pressure 

A 

= 

Model  base  area  =  28.27  in.2 

D 

= 

Model  base  diameter  =  6  in. 

Xc.g. 

= 

Axial  location  of  center  of  gravity  =  11.66  in 
from  nose 

Xc.p. 

= 

Axial  location  of  center  of  pressure 

L 

= 

Model  length  =  19.6  in. 

Ta 

= 

Adiabatic  wall  temperature 

q 

= 

Heat  flux 

cp 

= 

Specific  heat 

A-l 
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